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Abstract
This study investigates the impacts of the Automobile NOx Law of 1992 on
four pollutants in Japan. By utilizing monitoring data between 1897 and 1997,
we found that the regulation decreased the level of SO2 by approximately 12.4%.
The improving effects on the levels of NOx, Ox, and suspended particulate matter
are estimated at 5.8%, 3.1%, and 3.5%, respectively. The result from our flexible
specification suggests that, although the regulated areas experienced improvements
in concentration, the neighboring effects might have been negligible.
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1 Introduction
A growing body of literature in the field of health economics and medical studies has
found that ambient air pollution has serious health consequences. Air pollution affects
not merely adult well-being, but also fetal, infant, and child health (e.g., Currie et al. 2009;
Coneus and Spiess 2012; Janke 2014).1 Moreover, several recent studies have found that
higher levels of air pollution can also be directly linked to suicidal behavior and inversely
related to happiness (Li et al. 2014; Ng et al. 2016). The weight of this evidence has led to
the consensus that air pollution control regulations are required to maintain well-being,
especially in developing countries (Greenstone and Hanna 2014).
This study investigates the impacts of the Automobile NOx Law of 1992 on four pol-
lutants in Japan: nitrogen dioxide (NOX), sulfur dioxide (SO2), photochemical oxidants
(Ox), and suspended particulate matter (SPM). Whereas the 1992 regulation was enacted
to limit soot and smoke emissions from diesel automobiles (Ministry of Internal Affairs
and Communication 2006), a few previous studies investigating the role of regulation
have predominantly highlighted its ineffectiveness (Arimura and Iwata 2008; Wakamatsu
et al. 2013). In fact, the levels of NOx had not changed significantly around 1992, the year
the Automobile NOx Law was enacted, which adds to the evidence for this common view
that the regulation was ineffective on NOx pollution in the literature. As is described in
Section 2, however, the level of SO2 declined dramatically—by approximately 25% be-
tween 1991 and 1993 in the regulated areas—implying the regulation’s effectiveness on
automobiles with diesel engines.
To quantitatively re-evaluate the effect of the 1992 regulation, we utilize unique panel
data from more than 1,500 monitoring stations between 1987 and 1997 and estimate the
potential improving effects of the regulation utilizing difference-in-differences for multiple
periods. Our results confirm that the regulation decreased air pollutant concentrations.
Our estimate from the baseline specification suggests that the regulation decreased SO2
level by approximately 12.4%. We also found smaller improving effects on the levels of
NOx, Ox, and SPM of 5.8%, 3.1%, and 3.5%, respectively. It is suggested that the compo-
1Prior examples include Dockery et al. 1993; Schwartz 2004; Currie and Neidell 2005; Bateson and
Schwartz 2007; Luechinger 2014.
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sition of exhaust gas might have caused these differences in effects. We then investigated
the extent to which the regulation was effective by assuming non-regulated monitors near
the regulated monitors as potentially affected monitoring points. The estimates imply
that no significant improving effects occurred in that neighboring areas. Therefore, we
conclude that, although the regulated areas experienced improvements in pollutant con-
centrations, the neighboring areas did not benefit as such from the regulation.
This study contributes to the literature in the following ways. First, it focuses on the
“unexpected” improving effects of air pollution regulation. The 1992 regulation focused
on reductions in the concentration of NOx in polluted areas. As discussed, given the
ineffectiveness of this initial regulation on NOx, a few studies investigated the role of the
subsequent Automobile NOx–PM Law of 2001 (Ministry of Internal Affairs and Com-
munication 2006; Iwata and Arimura 2009). However, against expectations, we found
that despite the initial regulation’s ineffectiveness on NOx, it played an important role
in mitigating the concentration of SO2. This finding from the literature does not suggest
merely that revisions to the common view of the 1992 regulation are needed, but also in-
dicates the importance of re-evaluation of the incipient air pollution regulations in other
countries.
Second, we estimate the neighboring effects of the regulation. Related studies have
compared the air quality between regulated and non-regulated areas (e.g., Greenstone
2004; Auffhammer and Kellogg 2011). However, it would be justified to assume that
the treatment effects vary continuously from the core regulated areas to the surrounding
areas. By analyzing monitoring data with location information, we show that the im-
proving effects of the regulation were limited to the regulated areas. This result indicates
the importance of assessing the impacts of localized ambient air pollution (Beatty and
Shimshack 2011).
Finally, this study adds to the evidence of the role of air quality regulation in the case
of Japan. Although automobile emission control is one of the most popular environmental
regulations, among Asian countries, the vast majority of the studies have focused on the
role of air quality regulations in China, a country still experiencing significant pollution
levels (see Henneman et al. 2017 for a recent comprehensive review). Despite its rapid
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post-war economic growth, Japan effectively overcame air pollution after the 1970s to
a great degree (Wakamatsu et al. 2013). In this respect, Japan is considered the ideal
example of an Asian country for studying effective regulation policies.
The remainder of this paper is structured as follows. Section 2 provides an overview of
the historical background and the hypothesis. Section 3 describes the data used. Section 4
examines our empirical strategy and presents the results. Section 5 concludes the paper.
2 Background
The occurrence of diseases due to environmental pollution emerged as a serious problem in
Japan during the country’s period of rapid economic growth, that is, 1954–1973 (Harada
1995). This led to the enactment of the Basic Act for Environmental Pollution Control in
1967. The law established environmental quality standards regarding air pollutants such
as NO2, SO2, Ox, and SPM. To ensure compliance with the standards, the Air Pollution
Control Act, which aimed to limit emissions of air pollutants from factories, business
establishments, and automobiles, was also enacted in 1968. However, NO2 concentration
failed to meet the standard even in 1985; in contrast, it subsequently exhibited a worsening
trend given an increase in diesel automobiles (Air Quality Bureau of the Environment
Agency and Automobile NOx Law Research Group 1994).
Thus, to reduce NOx emissions, especially NO2, from automobiles, the Automobile
NOx Law was enacted in 1992. This law selected 196 municipalities in Saitama, Chiba,
Tokyo, Kanagawa, Osaka, and Hyogo prefectures as regulated areas based on two con-
siderations: traffic flow in these areas was heavy, and it would be difficult to comply
with the environmental standards for NO2 only through existing regulations. In these
areas, trucks, buses, and special motor vehicles such as ambulances began to be regulated
through motor vehicle inspections if they did not satisfy the emission control standard.
These standards are summarized in Table 1.
As a result of the regulation, mainly diesel automobiles that tended to emit a lot of
toxic exhaust gas were controlled. Figure 1 shows the numbers and proportions of diesel
automobiles by vehicle classification between 1977 and 1997. As indicated in Fig. 1a,
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Table 1: Emission control standards for automobiles
Diesel Gasoline
Weight class Test mode Measure Max Mean Test mode Measure Max Mean
≤1.7 10·15 g/km 0.48 0.25 10·15 g/km 0.48 0.25
D6 ppm 100 70 - - - -
1.7 < x ≤ 2.5 10·15 g/km 0.98 0.70 10·15 g/km 0.98 0.70
D6 ppm 210 150 - - - -
2.5 < x ≤ 5.0 D13 g/kWh 6.90 5.10 13 g/kWh 6.90 5.10
D6 ppm 350 260 6 ppm 600 450
>5.0 D13 g/kWh 9.40 7.20 13 g/kWh 9.40 7.20
D6 ppm 520 400 6 ppm 900 690
Notes: The unit of weight is metric ton. The initial character D in the second column indicates the mode for diesel
automobiles. This emission control standard was partly updated in 1999. Sources: Air Quality Bureau of the Environment
Agency and Automobile NOx Law Research Group (1994), p.85.
0
1000
2000
3000
4000
5000
6000
7000
N
um
be
r o
f d
ie
se
l e
ng
in
e 
au
to
m
ob
ile
s 
in
 th
e 
th
ou
sa
nd
s
197
7
197
8
197
9
198
0
198
1
198
2
198
3
198
4
198
5
198
6
198
7
198
8
198
9
199
0
199
1
199
2
199
3
199
4
199
5
199
6
199
7
Year
Truck Bus Special vehicle Passenger car
(a) Number of diesel automobiles
0
10
20
30
40
50
60
70
80
90
100
Pr
op
or
tio
n 
of
 d
ie
se
l e
ng
in
e 
au
to
m
ob
ile
s 
(%
)
197
7
197
8
197
9
198
0
198
1
198
2
198
3
198
4
198
5
198
6
198
7
198
8
198
9
199
0
199
1
199
2
199
3
199
4
199
5
199
6
199
7
Year
Truck Bus Special vehicle Passenger car
(b) Proportion of diesel automobiles
Figure 1: Number and proportion of diesel automobiles, 1977–1997
Notes: The vertical line indicates the timing of enactment of the Automobile NOx Law. Sources: Automobile Inspection
& Registration Association (1978–1998).
the regulation curbed the increase in the number of diesel trucks, whereas passenger cars
with diesel engines continued to increase at a constant rate around 1992. Figure 1b also
indicates the regulation’s effect on diesel automobiles. The increase in the proportion of
diesel trucks and buses slowed when the law was enacted. Moreover, the proportion of
diesel automobiles in the special motor vehicles category decreased since the enactment of
the regulation. Although data are available only at the national level, it seems reasonable
to assume that such changes were observed in the regulated areas too.
Despite the regulation controlling diesel automobiles, the national NOx concentration
did not decline. Therefore, the Automobile NOx Law has been regarded as ineffective
5
27.50
30.00
32.50
35.00
37.50
40.00
42.50
45.00
47.50
50.00
52.50
55.00
57.50
60.00
62.50
65.00
67.50
70.00
M
ea
n 
co
ns
en
tra
tio
n 
(pp
b)
1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997
Year
All Regulated Non-regulated
(a) NOx
4.50
4.75
5.00
5.25
5.50
5.75
6.00
6.25
6.50
6.75
7.00
7.25
7.50
7.75
8.00
8.25
8.50
M
ea
n 
co
ns
en
tra
tio
n 
(pp
b)
1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997
Year
All Regulated Non-regulated
(b) SO2
Figure 2: Annual average concentrations of NOx and SO2, 1987–1997
Notes: The solid, dashed, and dotted lines indicate the average concentration of NOx and SO2 in all areas, the regulated
areas, and the non-regulated areas, respectively. The vertical line indicates the timing of enactment of the Automobile NOx
Law. Sources: National Institute for Environmental Studies, Environmental Database.
against air pollution (e.g., Arimura and Iwata 2008; Wakamatsu et al. 2013). The lit-
erature, however, neglects the effect of the law on SO2 concentration. Diesel exhaust
emissions include not only NOx but also SO2, because sulfur contained in light gas oil is
oxidized by combustion (S + O2 −−→ SO2).2 Hence, it is possible that the regulation law
reduced the SO2 pollution caused by diesel automobiles.
This assumption is supported by a change in SO2 concentration around 1992. Figure 2
indicates the annual average concentration of NOx and SO2 from 1987 to 1997. In contrast
to previous studies, the level of NOx in the regulated areas seemed to decline slightly when
the regulation was introduced, whereas the national average did not change. In fact, the
mean NOx concentration of the regulated areas before and after the enactment of the
regulation was 67.601 and 63.767, respectively. In contrast to NOx level, that of SO2 had
declined between 1991 and 1993. Further, the decrease in SO2 level in the regulated areas
was larger than that in the non-regulated areas. This finding suggests that the pronounced
SO2 decline can be attributed to the exhaust emission regulation, highlighting the need to
reassess the effectiveness of the Automobile NOx Law. Therefore, we conduct quantitative
analyses to test our hypothesis that the law actually reduced air pollutant concentration,
2The World Health Organization (1996) provided an example of the composition of light-duty diesel
engine exhaust. The components are carbon dioxide, water vapor, oxygen, nitrogen, carbon monoxide,
hydrocarbons, nitrogen oxides, hydrogen, sulfur dioxide, sulfates, aldehydes, ammonia, and particulates.
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especially that of SO2.
3 Data
Our data source is the Environmental Database provided by the National Institute for
Environmental Studies. This database contains data on the annual average concentration
of air pollutants as measured by monitoring stations. Figure 3 illustrates the location of
the regulated areas and the stations that monitored SO2 concentration. There were more
than 1,500 stations around 1992, and they were widespread across the nation. Despite
[1.5, 4.4]
(4.4, 5.9]
(5.9, 7.5]
(7.5, 295.0]
Regulated area
Figure 3: Spatial distribution of SO2 concentration and the regulated areas
Notes: The SO2 concentrations (in parts per billion, or ppb) represent the mean value during 1987–1991. The data on
longitudes and latitudes are available for only those stations still in use in 2001, and this figure covers 91.4% (i.e., 1,519/1,662)
of the stations used in the regression analyses for SO2 concentration. Sources: National Institute for Environmental Studies,
Environmental Database.
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Figure 4: Distribution of air pollutant concentrations
Notes: Annual average concentrations (ppb) are used. The vertical line indicates the mean value. Sources: National
Institute for Environmental Studies, Environmental Database.
being small, the regulated areas had as many as 342 stations, or 20.58% of the total
number of stations. In addition to NOx concentration, that of SO2 is evidently higher in
the regulated areas.
For regression analyses, we utilize unique panel data on air pollutant concentrations (in
parts per billion, or ppb) at the station level between 1987 and 1997. In addition to NOx
and SO2concentrations, we consider Ox and SPM concentrations as dependent variables
for robustness checks. The level of all these pollutants were expected to be curbed by
the regulation because they are emitted by diesel automobiles.3 For the air pollutant
estimates, we use data on stations that monitored concentration of each pollutant both
before and after the enactment of the regulation.
3As a secondary pollutant, ozone, which accounts for a major portion of Ox, is not directly emitted
by automobiles (Correˆa and Arbilla 2006).
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Table 2: Summary statistics of air pollutant variables
<1992 ≥1992
Mean SD N Mean SD N
Panel A: Regulated area
NOx 67.67 40.26 2,204 63.72 34.94 2,694
SO2 8.17 2.67 1,647 6.47 1.77 1,952
Ox 22.74 5.04 1,449 25.21 4.38 1,747
SPM 49.83 10.47 1,704 46.48 9.57 2,310
Panel B: Non-regulated area
NOx 29.89 23.80 5,923 30.29 22.92 7,258
SO2 5.70 2.53 6,389 4.99 1.92 7,690
Ox 25.82 5.73 3,820 28.97 5.11 4,671
SPM 34.10 9.30 4,856 32.12 9.20 6,578
Notes: The variables represent the annual average concentration (ppb). Sources: See text.
The histogram for air pollutant concentrations is displayed in Fig. 4, which demon-
strates that NOx and SO2 levels are heavily right-skewed. Their long tails imply that
air pollution was very intense in specific areas of Japan at the end of the 20th century.
Figure 2 shows the summary statistics of these variables.
4 Analysis
To investigate the effects of the Automobile NOx Law on air pollutant concentrations, we
employ the fixed effects model in the spirit of the difference-in-differences approach. Our
baseline model has the following form:
Pollutantit = α + βRegulationit + νi + µt + it (1)
where i indexes monitoring stations and t indexes years. The dependent variable Pollutantit
represents the average NOx, SO2, Ox, and SPM concentrations (ppb). Regulationit rep-
resents the indicator variable with the value of one if i is in the regulated areas and t is
between 1992 and 1997, and its parameter β is interpreted as an effect of the law. νi and
µt represent the monitoring station and year fixed effects, respectively. it is a random
error term.
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Table 3: Effects of the regulation on air pollutants
(1) (2) (3) (4)
NOx SO2 Ox SPM
Regulation -3.903*** -1.014*** -0.693*** -1.763***
(0.437) (0.089) (0.197) (0.309)
Fixed effects Yes Yes Yes Yes
Observations 18,079 17,678 11,687 15,448
Clusters 1,705 1,662 1,096 1,522
Notes: Each dependent variable represents the annual average concentration (ppb). ***, **, and * represent statistical
significance at the 1%, 5%, and 10% levels, respectively. Standard errors clustered at the monitoring station level are in
parentheses.
Our estimation results are reported in Table 3. Column (1) indicates that the effect
of the regulation on the NOx concentration is significantly negative. The estimated coef-
ficient suggests that the law decreased the level of NOx in the regulated areas by 5.77%
(i.e., 3.903/67.601). This result is in contrast to the common view that the regulation
was ineffective on NOx pollution. Regarding SO2 concentration, the effect is also negative
and significant, as indicated in column (2). This finding is consistent with our hypothesis,
that is, the Automobile NOx Law reduced SO2 pollution. Considering that the mean SO2
concentration was 8.165 ppb in the regulated areas before 1992, our estimate suggests
that the regulation reduced SO2 level by 12.42%. This “unexpected” improving effect on
SO2 was greater than the intended effect on NOx. Hence, our findings imply that the
1992 regulation mitigated air pollution through a decrease in the concentration of SO2
rather than that of NOx. Columns (3) and (4) present the results for the Ox and SPM
concentrations. The impacts are negative and statistically significant, suggesting that the
regulation’s effect on air pollution was robust. Based on our estimates, the decreases in
Ox and SPM attributed to the law are calculated as 3.05% and 3.54%, respectively.
Our estimates indicate that the regulation decreased air pollutant levels, but the mag-
nitude of the effect on various pollutants varied from 3.05% to 12.42%. One possible
explanation is that the effect depended on the ratio of the volume of each pollutant emit-
ted by automobiles to that in the atmosphere. However, proving this hypothesis is difficult
because the composition of exhaust gas differs according to the measurement conditions.
Thus, there are no data on the average exhaust gas composition in Japan during the
period of the study.
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Table 4: External effects on neighborhood areas
(1) (2) (3) (4)
NOx SO2 Ox SPM
Regulation -3.964*** -1.014*** -0.675*** -1.735***
(0.437) (0.089) (0.201) (0.312)
Neighborhood -0.695 0.001 0.179 0.291
(0.570) (0.115) (0.410) (0.481)
Fixed effects Yes Yes Yes Yes
Observations 18,079 17,678 11,687 15,448
Clusters 1,705 1,662 1,096 1,522
Notes: Each dependent variable represents the annual average concentration (ppb). ***, **, and * represent statistical
significance at the 1%, 5%, and 10% levels, respectively. Standard error clustered at the monitoring station level are in
parentheses.
Although we found the effect on air pollutant concentrations in the regulated areas,
it is likely that the concentrations in the neighborhood of the regulated areas were also
affected by the decrease in exhaust emission. Thus, we further investigate whether the
Automobile NOx Law affected air pollution in the surrounding areas too. To capture the
external effects, we estimate the following equation:
Pollutantit = α + βRegulationit + γNeighborhoodit + νi + µt + it (2)
where Neighborhoodit is an indicator variable with the value of one if i is not in the
regulated areas but in the six included prefectures, and t is between 1992 and 1997. The
definitions of the other variables are the same as in Eq. (1).
Table 4 reports the results. The estimated coefficients of Regulation are rarely dif-
ferent from the result presented in Table 3, supporting the robustness of our estimate of
the law’s effect in the regulated areas. In contrast, the estimated coefficients of Neigh-
borhood are close to zero and insignificant. This result suggests that the regulation did
not particularly affect the pollutants in the neighborhood of the regulated areas. How-
ever, because our fixed effects model controls for all constant shocks across monitoring
stations, the insignificant estimation result does not necessarily mean that the regulation
for automobile exhaust emissions had no external effects. In fact, the SO2 concentration
in the non-regulated areas decreased at the timing of the law’s enactment, as illustrated
in Fig. 2b. It should be noted that our estimates indicate only that the regulation’s ef-
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fect in the non-regulated areas did not depend on the distance from the regulated areas,
regardless of whether there was an externality.
5 Conclusion
The present study reassessed the Automobile NOx Law in Japan using quantitative meth-
ods. In previous studies, the law has been regarded as ineffective based on the national-
level NOx concentration. In the regulated areas, however, a decline in NOx in the atmo-
sphere could be observed. Our estimate actually indicates that the regulation decreased
the annual average NOx concentration by 5.77%. Moreover, we revealed that the reg-
ulation also curbed SO2, Ox, and SPM pollution. In contrast, the effect on SO2 levels
was larger than that on NOx levels, although the law focused on only the level of NOx,
especially NO2. The estimation result indicates that the regulation reduced SO2 con-
centration by 12.42% in the regulated areas. These findings suggest that it is essential
to quantitatively reassess the incipient air pollution regulations even though they were
previously evaluated.
We further found that the impact of the regulation in the neighborhood of the regulated
areas was not larger than that in distant areas. Thus, a gap exists in the regulation’s
effect only between the regulated areas and the non-regulated areas. This result supports
Beatty and Shimshack (2011), who noted the importance of evaluating air pollution on a
local level.
Japan handled air pollution associated with rapid post-war economic growth through
the strictest regulations in the world (Air Quality Bureau of the Environment Agency
and Automobile NOx Law Research Group 1994). The re-evaluation of such regulations
contributes to easing policymakers’ fight against current air pollution.
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